. Third, the initiation potential is controlled by dented requirement for DNA adenine methyltransferase in both oriCI vc -and oriCII vc -based replication. Our studregulation of the activity of DnaA (Katayama et al., 1998). Virtually nothing is known regarding replication conies of replication in V. cholerae indicate that microorganisms having multiple chromosomes may utilize trol in prokaryotic organisms with multiple chromosomes. The genome of V. cholerae is distributed ununique mechanisms for the control of replication.
Introduction most but not all of the genes essential for V. cholerae growth (Heidelberg et al., 2000) . The presence of essenThe gram-negative bacterium Vibrio cholerae causes the severe and sometimes lethal diarrheal disease choltial genes on chrII indicates that it is a bona fide chromosome as opposed to a dispensable plasmid. Bioinforera. The family Vibrionaceae, of which V. cholerae is the most clinically important member, includes several other matic analyses revealed that the putative origin of replication of chr I has sequence similarity to the origin human and fish pathogens such as Vibrio parahaemolyticus, Vibrio vulnificus, Photobacterium damselae, and of replication of the E. coli chromosome, oriC (Heidelberg et al., 2000). In contrast, the putative origin of repliListonella anguillarum, and is one of the predominant families of marine microorganisms (Kita-Tsukamoto et cation of chr II lacks similarity to known origins and was assigned solely on the basis of GC nucleotide skew al., 1993). The genomes of V. cholerae and several related Vibrio spp. are distributed between two circular analysis (Heidelberg et al., 2000) . In this work, we experimentally defined the origins of replication of the two chromosomes (Trucksis et al., 1998; Yamaichi et al., 1999) . This genomic structure was originally believed to V. cholerae chromosomes. We found novel repliconspecific requirements for each chromosome as well as be unusual among bacteria; it is now clear that many bacterial genomes-including those of several pathofactors that are required for replication of both chromosomes. gens (e.g., DelVecchio et al., 2002)-consist of more than one chromosome.
Escherichia coli, which contains a single circular chroResults mosome, has been the primary model organism used to elucidate the mechanisms that control bacterial chroDelineation of oriCI vc and oriCII vc mosome replication. Replication in E. coli initiates from To functionally define the genes and sequences required a specific region of the chromosome, termed oriC. This for replication of the two V. cholerae chromosomes, 258 bp stretch of DNA is capable of autonomous replicawe constructed minichromosome derivatives of each tion and contains recognition sites for several replication chromosome by introducing each annotated (Heidelfactors (Messer and Weigel, 1996) . DnaA, the initiator berg et al., 2000) replication origin into a mobilizable, conditionally replication-defective vector, pGP704 (Miller and Mekalanos, 1988 ). This vector contains the R6K origin of replication, which requires the product of the pir gene to initiate replication. In pir-deficient strains, pGP704-based plasmids will only replicate if they carry an alternate, functional replication cassette. The ability of the V. cholerae-pGP704 chimeric plasmids to replicate autonomously in both pir E. coli and V. cholerae (recA strain Bah-3 [Pearson et al., 1993]) was measured by quantifying the frequency of exconjugant formation in conjugation assays in which the plasmids were mobilized from a pir ϩ donor to pir recipients. All of the plasmids tested were able to replicate and form exconjugants in pir ϩ E. coli, showing that their inserts have no negative effect on pGP704 mobility (data not shown).
The annotated oriCI vc resides between the genes mioC and gidA (Heidelberg et al., 2000) . A 447 bp fragment from this intergenic region replicated in both V. cholerae and the surrogate host, E. coli ( Figures 1A and 1B , line 1). This suggests that this fragment contains the minimal oriCI vc and demonstrates that E. coli can supply any trans-acting factors needed for oriCI vc -based replication. In contrast, a plasmid (pIg1) containing the intergenic region previously annotated as oriCII vc did not form exconjugants in either V. cholerae or E. coli, indicating that pIg1 cannot replicate autonomously and suggesting that this intergenic region either does not contain oriCII vc or requires additional sequences in cis for replication ( Figures 1A and 1B, line 3) . A larger minichromosome II, poriCII, replicated in both species ( Figure  1A and 1B, line 2), indicating that oriCII vc and any other sequences required in cis for replication are contained within the 5.8 Kb insert of poriCII. This minichromosome includes two intergenic regions (ig1 and ig2), two hypothetical genes (vca0001 and vca0002), and two genes with homology to plasmid partitioning genes (parA and parB).
Mutational analysis of poriCII confirmed that ig1 is not required for replication in E. coli ( Figure 1B, line 4) , suggesting that the original annotation of ig1 as oriCII vc was incorrect. However, a deletion internal to ig2, the other intergenic region within poriCII, revealed that ig2 (aa), both deletion and frameshift mutations severely origin sequences (Zyskind et al., 1983) . Alignment of V. cholerae oriCII vc with sequences from V. vulnificus, V. compromised the ability of poriCII to replicate in E. coli, and in both cases the replication defects could be comfischeri, V. parahaemolyticus, and V. harveyi revealed that the 11-mer repeats, 12-mer repeats, the DnaA box, plemented by expressing rctB in trans on another plasmid ( Figure 1B, lines 9-10) . In V. cholerae, the RctA and and the AT-rich region were all conserved (Supplemental Figures S1 and S2) . Furthermore, in each species, the RctB gene products are presumably provided by the chromosome to facilitate pIg2 and pminIg2 replication 12-mers were spaced 11 bp apart, suggesting that the same DNA sequences would be displayed on the same ( Figure 1A , lines 5-6).
face of the DNA. The conservation of the 12-mer repeats among five Vibrio species suggests that they are imporSequence Analysis of oriCI vc and oriCII vc tant for chrII replication. An essential replication function The DNA sequences of both oriCI vc and oriCII vc contain for the 12-mer repeats was demonstrated by the finding several features also found in E. coli oriC. In fact, the that substitution of six bp in a 12-mer abolished replicasequence of oriCI vc is very similar to oriC (58% identity). tion of pminIg2 in V. cholerae ( Figure 1A , line 7). Like oriC, oriCI vc has an AT-rich region, five apparent DnaA boxes, a likely binding site for IHF (a protein that bends DNA), and many potential sites for Dam methylarctB Is Conserved and Encodes an oriCII vc Binding Protein tion (GATC sequences) (Figure 2A ). Though the minimal oriCII vc lacks sequence similarity to E. coli oriC, it does
We also searched and found orthologs of RctB in V. vulnificus, V. fischeri, V. parahaemolyticus, and V. harcontain an AT-rich region, a single putative DnaA box, a putative IHF binding site, and an overrepresentation veyi (identity Ͼ74%; data not shown). Southern analysis revealed that rctB is present in diverse genera in the of GATC sequences (Figure 2A ). In addition, within the entire ig2 region, there are two related repeat sefamily Vibrionaceae, suggesting that the presence of two chromosomes may be a defining feature not just of quences, an 11-mer and a 12-mer, a finding reminiscent of replication origins found in iteron-type plasmids, the genus Vibrio but of the widespread family Vibrionaceae ( Figure 2C ). In V. cholerae, all attempts to inactivate where small repeat sequences are required for both replication and copy number control (Chattoraj, 2000; rctB were unsuccessful, suggesting that rctB is an essential gene (data not shown). del Solar et al., 1998) ( Figure 2A) .
We searched the available nucleotide sequence dataGiven the requirement for rctB in replication of poriCII, and the fact that replication factors often act at origins, bases and found sequences similar to ig2 in the complete genomes of Vibrio fischeri, Vibrio parahaemolytiwe examined whether RctB could bind to oriCII vc . Recombinant epitope-tagged RctB was expressed in E. cus, and Vibrio vulnificus. In addition, we found ig2-like sequences in an insert of a plasmid that was isolated coli, purified, and used in gel shift experiments with probes derived from oriCII vc and oriCI vc . Several different as part of a genetic screen for functional V. harveyi (Table 1 ). In contrast, pminIg2 was relatively stably maintained (Table 1 ). The aa) to an amber stop codon (poriCII 01amb) did not affect replication ( Figure 1B, line 11) . Similarly, replacement of profound difference in the stability of pminIg2 and pIg2 suggests that the left side of ig2 renders pIg2 unstable the putative start codon of rctA with a stop codon did not prevent autonomous replication of the plasmid, poriCII in V. cholerae, but is also consistent with ig2-mediated inhibition of chrII replication leading to a large selective 01TAG, in E. coli ( Figure 1B, line 12) . These experiments, together with the fact that there are no other potential advantage for cells that lose the plasmid. Together, these results suggest that the small colony phenotype start codons within rctA, suggest that there is not a protein translated from rctA that is required for poriCII was attributable to antibiotic-mediated killing of cells without plasmid, likely reflecting incompatibility bereplication. Since pIg2 and pminIg2, which do not contain rctA in cis, replicate in V. cholerae, rctA is not a tween pIg2 and one or both of the V. cholerae chromosomes. required cis-acting sequence. Together, these results suggest that the product of this gene is likely a functional
We confirmed the presence of a chrII incompatibility sequence by transforming V. cholerae with a high copy RNA. We confirmed that RNA is transcribed from rctA in both V. cholerae and poriCII-containing E. coli by number vector containing chrII or chrI sequences and measuring the transformation efficiency compared to performing a ribonuclease protection assay (RPA), using a probe complementary to rctA (Figure 3) . The entire vector alone. When high-copy poriCII-topo, pIg2L-topo, or a 407 bp segment from the left side of ig2 (p3642-probe was found to be protected, suggesting that the active species encoded by this region is at least 132 topo) were introduced into V. cholerae, the transformation efficiency was more than 90,000-fold lower than the bp, and potentially longer. Interestingly, a single base pair deletion in rctA, at position 21, did inhibit replication efficiency of transforming vector alone (Figure 4, lines  1-3) . In contrast, high-copy pminIg2 (pminIg2-topo) of poriCII ( Figure 1B, line 13) . This finding confirms the requirement for rctA, and also suggests that this base transformed V. cholerae almost as efficiently as vector alone (Figure 4, line 4) , confirming that an incompatibility pair may be important in RNA structure. inc in control of chrII but not chrI replication and/or partitioning. Additional mapping experiments revealed that incompatibility depends on a short highly conserved sequence To begin to define the mechanism of incompatibility, we created frameshift mutations in the putative poriCII present in V. cholerae, V. vulnificus, V. harveyi, V. parahaemolyticus, and V. fischeri (Figure 4 , lines 5-6; Supplemental Figure S2 ). While this conserved region clearly contributes to incompatibility, it is not the sole determinant, because a smaller insert (in pRT-topo) that included the conserved segment transformed V. cholerae efficiently (Figure 4, line 7) .
Unlike chrII minichromosomes and high-copy oriCII vc sequences, plasmids containing oriCI vc sequences were not incompatible with V. cholerae. High copy number plasmids containing either a 5.2 kb region encompassing oriCI vc (poriCI-topo) or the minimal oriCI vc (pminoriCI-topo) were readily introduced into V. cholerae and did not compromise viability (Figure 4, lines 8-9) . In this regard, oriCI vc is similar to E. coli oriC, which in relatively high copy is not toxic in E. coli.
To test whether sequence from the left side of ig2 (termed inc) specifically interfered with the replication partitioning genes parA and parB. The resulting plasmid, pABfs, was still incompatible with pEE481 and pEE482 Dam methylation appears to be required for poriCI shown). A lack of conservation at the DNA sequence level might be expected for a functional RNA, which replication as well, since dam E. coli could not be transformed with methylated poriCI (Figure 6D ). However, we could retain conservation at the structural level. Finally, new algorithms for ORF identification that account for were not able to test whether unmethylated poriCI could transform dam E. coli because we were unable to isolate codon usage suggest that there is no protein-coding gene in the area of rctA (Guo et al., 2003 ). An RNA that unmethylated poriCI; therefore, we cannot exclude the possibility that dam only regulates oriCI vc -based replicaspans the annotated vca0001 gene was detected by RPA analysis, but the precise boundaries and function tion and is not absolutely required. Unexpectedly, we were not able to transform seqA E. coli with poriCI, of the RctA RNA are not known. trans-acting RNA molecules have been described in plasmid replication (del suggesting that seqA is required for replication of poriCI ( Figure 6D ). Our attempts to knock out V. cholerae seqA Solar et al., 1998), and in E. coli, transcriptional activity at oriC is believed to influence replication efficiency (54% identity and 69% similarity to E. coli SeqA) were unsuccessful, suggesting that seqA may be an essential (Messer and Weigel, 1996) . RctA RNA may function directly in replication (e.g., as a primer) or may play a gene in V. cholerae. In E. coli, several activities of SeqA may contribute to control of replication. In addition to its required regulatory role. OriCII vc -based replication has four features that also several sites for Dam methylation, and an AT-rich region, characterize certain plasmid replicons: a repeat sethis origin also has several unusual features for a bactequence essential for replication, a dependence on a rial chromosome. Unlike other known chromosomes, replicon-specific protein (RctB), a requirement for an oriCII vc -based replication required, in addition to DnaA, RNA (RctA), and an incompatibility determinant (inc) that a novel DNA binding protein, a repeat sequence, and appears to act as a negative regulator. These similarities an RNA; furthermore, a noncoding sequence appears may support the proposal that chrII was originally acto negatively regulate chrII replication. quired as a plasmid and subsequently captured essenOur assertion that oriCII vc represents the true origin tial genes (Heidelberg et al., 2000) . Since we found that of replication of chrII is supported by a genetic screen the V. cholerae replication protein-encoding gene rctB for origins of replication in V. harveyi (Zyskind et al., is present in many genera of the family Vibrionaceae, 1983). This study led to the isolation of an autonomously the hypothetical plasmid ancestor of chrII must have replicating sequence that we found contains sequence been acquired prior to the diversification of this family. similar to oriCII vc . Furthermore, the oriCII vc region is conSome of the plasmid-like attributes of oriCII vc -based served among at least three other Vibrio species, and replication are not identical to those of characterized rctB was found in many diverse members of the family plasmids, and these four features have never been deVibrionaceae. Figure 1B, lines 11-12) (Papp et al., 1994) . In contrast, in ylation in a manner similar to the ori of P1; this possibility is attractive because it could provide a means by which V. cholerae, a sequence with six 12-mer repeats was not sufficient to exert incompatibility (Figure 4, line 4) Abeles et al., 1993) . However, the require-DNA sequencing. High-copy plasmids containing oriCII vc or oriCI vc sequences were constructed by amplifying sequences from V. cholment for dam in V. cholerae may differ from P1 because erae N16961 and introducing them into the pUC-based plasmid and T ϭ 6 hr after growth without selection by plating equal volumes of bacteria on selective and nonselective media. pCRII-TOPO (Invitrogen). Plasmids pEE481 and pEE482 were constructed by introducing the insert from plasmid p3642-topo (see Figure 4) into the vector pGZ119 (Lessl et al., 1992) in both orientaTransformation Assays Transformation experiments were performed with 100 ng of each tions. Full-length rctB along with upstream sequence including its ribosome binding site was introduced into the expression vector plasmid using a standard electroporation protocol. Electrocompetent E. coli and V. cholerae were prepared using standard protocols. pGZ119 (Lessl et al., 1992) to create the complementing plasmid porf2. The expression plasmid for production of C-terminal His 6 -For the incompatibility assays involving two plasmids, the cells were prepared with selection for the ampicillin-resistant plasmid. Dilutagged RctB, porf2-BAD, was constructed by inserting the rctB coding sequence into pBAD-topo (Invitrogen). Strain KO1607 is E.
tions were plated on selective medium to determine the number of transformants. Unmethylated pJEL109 and pMR2 were obtained coli MC1061 dam13::tn9 (gift of A. Wright). Strains MC1061⌬seqA and KO1607⌬seqA were constructed by P1 transduction of the seqA by isolating the plasmids from the dam E. coli strain KO1607. We obtained unmethylated poriCII by isolating plasmid from a dam pir ϩ allele from strain CM735 seqA⌬::tet (Lu et al., 1994) using standard protocols.
E. coli strain (SM10pir dam13::tn9 ), where replication initiates from the R6K origin of replication.
Conjugation Assays

